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BE IT KNOWN, that We, K. L. E. KLUTH, a citizen of Canada and resident of the 
City of Alrcsford, United Kingdom; M. P. VARNHAM, a citizen of the United 
Kingdom and resident of the City of Alresford, United Kingdom; J. R. CLOWES, a 
citizen of the United Kingdom and resident of the City of Alresford, United Kingdom; 
5 C. M. CRAWLEY, a citizen of the United States and resident of the City of Danville, 
County of Contra Costa, State of California; and R. KUTLIK, a citizen of the United 
States and resident of the City of Oakland, County of Alameda, State of California 
have invented new and useful improvements in an 

1 0 APPARATUS AND METHOD FOR ENHANCING REMOTE SENSOR 

PERFORMANCE AND UTILITY 

CROSS-REFERENCE TO RELATED APPLICATIONS 



15 



This application is a Continuation of International Application No. PCT/US00/02748, 
filed 2 February 2000, which claims priority from United Kingdom Application 
No. GB9902596.7, filed 5 February 1999. 
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FIELD OF THE INVENTION 

The current invention pertains to remote sensing devices, and in particular to fibre 
optic sensors and communication cables used in such sensing devices, more 
particularly to methods and apparatus for protecting such sensors, communication 
cables, and conduits containing such sensors and communication cables from damage 
resulting from the ambient environment at the remote location. 

BACKGROUND 

Sensors for measuring pressure, temperature and temperature profiles, acoustic 
pressure waves and vibrations, magnetic fields, electric fields and chemical 
composition potentially can provide valuable information which can be used to 
characterise oil and gas reservoirs and for managing the cost effective and safe 
extraction of hydrocarbon reserves from oil and gas wells. Locating such sensors in 
appropriate positions inside oil and gas wells using conventional methods is difficult 
and expensive. It is common practice in the oil industry to use wirelines or slicklines 
to lower sensors into remote downhole positions. While this type of deployment 
yields valuable information, the procedures make use of expensive equipment and 
personnel and require that normal production be interrupted. Slickline and wireline 
procedures also only provide occasional information. 

Alternately, it is possible to locate sensors downhole permanently, but the 
conventional methods for doing this make use of specialist cables which are 
permanently attached to the production string and complicated mechanical packages 
such as side-pocket mandrels. This method of installing permanent sensors is 
extremely expensive and high failure rates are common. When a failure does occur 
then it is not possible to rectify it without major and extremely costly intervention. In 
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general this is seen as impractical. Repairs can then only be undertaken when a well 
has to be worked over for other compelling reasons. Even under such conditions 
rectification of the fault is expensive. It is common experience that conventional 
pressure sensors such as quartz gauges and silicon strain gauges fail after relatively 
5 short periods when at high well bore temperatures and pressures. For example at 
135°C or higher the expected lifetimes are short. Reasons for failures are often 
difficult or impossible to determine, but contributions to failure include failure of the 
transducer itself, or of downhole electronics, cable degradation and connector 
contamination. 

,0 These well known shortfalls in conventional sensors have led to the development of 
new types of sensors that can make use of optical fibre technology. The advantages 
that are invariably expected from this technology include the elimination of downhole 

electronics. 

U S patent numbers 5,570,437 and 5,582,064, assigned to Sensor Dynamics, Ltd. of 
15 Winchester, England, and which are incorporated herein by reference in their entirety, 
disclose methods and apparatus for deploying sensors into remote regions of oil wells 
which can provide permanent monitoring and yet allow cost effective correction m the 
event that sensors or their associated cables fail. These techniques make use of 
hydraulic control lines as a "highway" to deliver the sensors to the remote locations. 
20 The hydraulic control lines are rugged and provide effective protection for the sensors 
and their cables against damage during installation. To date the only sensors that have 
been able to make use of this form of deployment have been fibre optic sensors. They 
can be extremely small and flexible and can benefit from equally small and flexible 
cables This allows such sensors to be moved along hydraulic small bore control lines 
25 by fluid drag and to be positioned in remote locations in oil and gas wells. Water » a 
most convenient fluid for deploying such optical fibre sensors in hydraulic control 
lines since it is readily available, has excellent low viscosity for pumping and can 
withstand conditions of very high temperature at high pressure. However, extensive 
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,abora,ory testing by the ass.gnee of the current invc„«,on has established tha, when 
optical fibre sensors or optical fibre cables are exposed to water a. greater than 70»C 
and s.multaneously to h.gh pressure, for example 2000 ps,, then water causes damage 
to the sensors and also to the cables. I. has been shown that water which ,s m dtrect 
5 contact with the silica fibres can enter into and react with the silica to create htghly 
stressed layers inside the optical fibres. This can also cause failure of the sthca 
through etching. In optical fibre pressure sensors, water ingress has been directly 
linked to rapid drift in the zero point of optical fiber pressure sensors. At 150°C or 
greater, the zero point of un-protected fibre optic pressure sensors can change by more 
,0 than 4000 psi over relatively short time periods. Similarly extreme behaviour has been 
shown to occur when unprotected optical fibre Bragg gratings are exposed to water 
under these conditions. Optical fibres have also been shown to change dxamahca.ly m 
.ength as a result of conditions within the wellbore. Changes greater than 1% have 
been measured. 

! 5 In an effort to circumvent these undesirable effects, water has been replaced with a 
range of other fluids, including silicone or perfluorocarbon fluids and others, some of 
which are generally regarded as very inert and stable, even at temperatures above 
200°C. Trials with these fluids showed that damage rates could be reduced but none 
of the fluids could eliminate damage entirely. 

20 Similar trials with coated fibres showed some improvements, but in no case could a 
coating or combination of coatings be found which promised long-term survtval of 
optical cables, or which reduced the zero point instability of optical fibre pressure 
sensors to acceptable levels. Significant improvements were found when optical fibres 
were coated with carbon, preferably followed by polyimide. However, even the most 
25 promising improvements were insufficient to yield a commercially attractive solution. 
A particular limitation mat was identified appears to be associated with pinholes m 
coatings, which are ve^ difficult ,0 de.ee. and which act as centres for chemtcal 
attack that can lead to spreading damage. 
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This has lead to a widespread search for other coatings that can be applied to the 
optical fibre sensors and to cables to prevent attack by water or other molecules. 
Extensive laboratory testing by the assignee of the current invention showed that a 
wide range of metal coatings failed to protect sensors or cables when exposed to water 
5 at high temperatures. Copper, gold and other metals were tried. None survived tests at 
250°C in water, over the long term. All coatings were found to affect the temperature 
sensitivity of the pressure sensor in an undesirable way, increasing the unwanted 
temperature sensitivity of a pressure sensor by greater than an order of magnitude. In 
every case additional complications were foreseen in protecting fusion splice joints 
10 that inevitably expose bare silica to the environment where optical fibres are spliced. 

It has now been established that fibre optic sensors can be effectively protected to 
provide a stable response at high temperatures and pressures when the sensors are 
surrounded by silicone oil. This protection can be extended so that sensors can be 
deployed in remote locations, including downhole locations in oil and gas wells, 
1 5 where the well bore fluids can be highly corrosive. 

A recent patent application by SensorDynamics, UK Application Number 
GB9827735.3, filed December 17, 1998, teaches the use of liquid metals or other 
liquids in combination with a silica or elastomer capillary. Other materials may also 
be chosen for the capillary, for example sapphire. The use of metals or other materials 
20 that are in the liquid state under the expected operating conditions introduces a senes 
of desirable features. Many Liquid metals readily "wet" and hence form a tight 
interface with silica; some liquid metals, indium, for example are reported to bond to 
silica. This also enables a highly reflective surface to be produced at a fibre cleaved 
end-face when "wetted" by a liquid metal or where the liquid metal bonds to the silica 
25 surface. Liquids cannot support shear stress and therefore do not cause sensors to 
change their behaviour with changing temperature. For example, polarimetric fibre 
optic pressure sensors do not become excessively sensitive to changes in temperature. 
Liquid metals also can readily protect splice regions as well as coated regions of 
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optiad fibres and mirrors. Liquid metals can be applied relatively easily to fibres and 
pumped into capillaries. The use of a liquid interface between the sensor surface and 
the surrounding capillary further permits the use of multiple coatings on the inside and 
outside surfaces of the capillary without introducing temperature sensitivity effects m 
5 the sensor. In principle the capillary can be used to add protection to cables as well as 
to sensors. 

When pressure sensors are deployed inside hydraulic control lines, referred to as 
"sensor highways", it is necessary to ensure that the downhole well bore pressure can 
be communicated to the interior of the sensor highway where the sensors are located. 

10 The interior of the sensor highway can be filled with a fluid. This fluid can be in the 
form of a liquid or gas. A useful liquid is an inert oil such as silicone based oil winch 

can be comparatively stable at common bore hole temperatures and pressures. 

Silicone based fluids can be obtained commercially which are stable at 250°C and 

higher. The stability of these fluids varies depending on their purity. It can be difficult 
15 to guarantee the purity of such fluids over extended periods unless the fluid is 

enclosed in a hermetically sealed environment. When the highway fluids are allowed 

to be in direct contact with well bore fluids, then diffusion and convection can occur. 

This can result in the ingress of water molecules and other species into the highway. 

In the long term this can result in a hostile environment that attacks even carefully 
20 packaged sensors. 

It is therefore of great value to devise means for establishing and maintaining the fluid 
surrounding the sensors and cables in a condition which minimises change m sensors 
and cables. 
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SUMMARY OF THE INVENTION 

The current invention discloses methods and apparatus for creating barriers and 
segments in a sensor highway utilizing fluids or mechanical devices for any and all of 
the following purposes: 

5 1 . Inhibiting or preventing the ingress of external or reservoir fluids into the 

highway (The Communication / Barrier Function); 

2. Segmenting the highway to form separate sensing regions (The Segmentation 
Function). 

Maximizing the long-term performance of sensors in the highway; and 

10 3. Maximizing the long-term performance of sensors in the highway. 

The invention includes apparatus and methods for sensing one or more physical 
parameters at a remote location while minimizing or eliminating contact between 
reservoir fluids and the like at the remote location and the sensor used to sense the 
physical parameters. In one embodiment the apparatus isolates the sensor within a 
15 tube containing the sensor. Specifically, apparatus includes a tubing containing a 

communication cable and a sensor in communication with the cable, the sensor being 
located within the tubing proximate the remote location. A sealing device is 
configured to seal a section of the tubing containing the sensor from fluid flow within 
the tubing, the sealing device being configured to be actuated between a sealing state 
20 and a non-sealing state. The apparatus further includes a communication device in 

fluid communication with the remote location and the section of tubing containing the 
sensor. A control line is in communication with the sealing device and is configured 
to actuate the sealing device between the sealing state and the non-sealing state. In a 
second embodiment, the apparatus is configured to impose a barrier of a fluid between 
25 the sensor and the environment at the remote location. Specifically, the latter 
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apparatus includes a first tubing containing a communication cable and a sensor in 
communication with the cable, the sensor being located within the tubing proximate 
the remote location. The apparatus further includes a second tubing having a first end 
in fluid communication with the first tubing proximate the sensor. A fluid barrier 
5 reservoir containing a barrier fluid is also provided, the fluid barrier having a first 

opening in fluid communication with a second end of the second tubing, and a second 
opening in fluid communication with the remote location. 

One method of the present invention includes a method for chemically isolating a 
sensor from a location at which a parameter is to be measured by the sensor, the 
10 location being in a fluid environment. The method includes emplacing within a tube a 
sensor in signal communication with a communication cable, the sensor being located 
within a section of the tube proximate the location at which the parameter is to be 
measured. The section of the tube containing the sensor is isolated from fluid flow 
within the tube, and the isolated section of the tube containing the sensor is exposed to 
the fluid environment at the location. The method can further include emplacing 
within a tube a plurality of sensors in signal communication with the communication 
cable, the sensors being located within selected sections of the tube proximate 
associated selected locations at which the parameter is to be measured. The tube 
selected sections of the tube containing the associated sensors are selectively isolated 
from fluid flow within the tube, and the isolated selected sections of the tube 
containing the associated sensors are exposed to the fluid environment at the 
associated locations. 

Another method of the present invention for chemically isolating a sensor from a 
location at which a parameter is to be measured by the sensor includes emplacing 
within a tube a sensor in signal communication with a communication cable, the 
sensor being located within a section of the tube proximate the location at which the 
parameter is to be measured. A fluid reservoir is placed in fluid communication with 
the section of the tube containing the sensor, the fluid reservoir further being placed in 
fluid communication with the fluid environment. The tube is isolated to prevent 



15 



20 



25 



-8- 



passage of fluid out of the tube, and a first fluid is passed into the tube to cause the 
fluid to flow into the fluid reservoir. The method can further include measuring the 
volume of the first fluid passed down the tube and into the fluid reservoir, and ceasing 
flowing of the first fluid into the tube when a sufficient volume of the first fluid has 
5 been passed down the tube to fill at least a portion of the fluid reservoir. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 depicts a schematic side elevation diagram of a wellbore containing a sensing 
apparatus in accordance with one embodiment of the present invention. 

Fig. 2 depicts a schematic diagram of one example of a flow limiter which can be 
1 0 used in the sensing apparatus of Fig. 1 . 

Fig. 3 depicts a schematic diagram of a first barrier fluid assembly which can be used 
in the sensing apparatus of the present invention. 

Fig. 4 depicts a schematic diagram of a second barrier fluid assembly which can be 
used in the sensing apparatus of the present invention. 

1 5 Fig. 5 depicts a schematic diagram of an apparatus that provides a mechanical 
isolation or separation of reservoir fluids from highway fluids. 

Fig. 6 depicts a schematic side elevation diagram of a wellbore containing a sensing 
apparatus in accordance with another embodiment of the present invention. 

Fig. 7 depicts a detailed schematic diagram of a sensing apparatus within a wellbore 
20 in accordance with a third embodiment of the present invention. 
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DETATLEr^DE^^ 

INVENTION 

When acquiring downhole pressure information, pressure communication from the 
well bore to the sensor inside the highway should preferably be such that as little 
5 water or well bore fluid can enter the highway. It is important to minimise the 

possibility of foreign molecules entering the sensor and hence causing drift. Water 
molecules and OH groups are known to be chemically very aggressive at high 
temperatures and pressures and well bore fluids vary widely in composition, from 
well to well and in time. These fluids can be extremely aggressive chemically. 

10 A prior art approach that reduces or eliminates the ingress of molecules from well 
bore into the region where the sensor is located is to interpose a membrane or 
diaphragm. This approach brings with it a number of disadvantages that can lead to 
difficulties in acquiring pressure information accurately. For example, the diaphragm 
or membrane have to respond to small changes in pressure, yet the direct contact with 
the well bore fluid can result in corrosion or in the scale formation which change the 
response of the membrane or diaphragm to pressure changes. It is also difficult to 
create a mechanical arrangement which can have the dynamic range required to cover 
the large pressure surges or which can resolve the minute pressure changes which can 
occur in oil and gas wells. 
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In accordance with a first embodiment of the present invention, an alternative 
approach to reduce or eliminate the ingress of molecules from well bore into the 
region where the sensor is located is to allow a direct connection between the well 
bore fluid and the interior of the sensor highway, in such a manner that the well bore 
fluid is prevented as much as possible from causing undesirable changes in the 
25 sensors or cables while allowing the relevant information to be acquired by the 



sensors. 
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,„ one examp.e of .he firs, embodtmen, of the present invenUon, the we,, bore 
pressure ea„ be commanded accuracy ,o the sensor through one or more 

5 liq uid ean be easiiy rep.aced if contamination or degradation occurs ,n partly 

cables in the highway. 

,„ another examp.e of Ure firs, embodiment of the present invention, when the 
composition of the we" bore fluid is to be ana,ysed, the composrtton sens , 

well bore fluid and sensor probe is restticted to the time when the measurement takes 
Xeandthatotherwise^sen.rprobeisrnanen— that does no, change or 

Lg.de the sensor or cable. For exampie, when a flbre optic fluorescence probe 
, 5 the fibre optic probe shou,d be direcUy immersed in the we,, bore fund, ff thrs dtrec, 

on!y occasionai and if an inert fluid surrounds the probe at a„ other hmes We 
aelbe two examp.es of how sensors and cab.es can be protected agauts, damage 

2 „ Z>f»^~^**^^ m ^*VTZ 

Hmiting.Oneexamp.e^mecaseofano.er-pressureweU.whi.etheodtertreats 

the case of an under-pressure well. 

A» over-pressure we„ has a downho.e pressure tha, is higher tha, the pressure exerted 
by a highway Una, is entire.y filled with fluid. That is, if the highway were to be 

upward in the highway. When the highway is sealed a, the upper end of the htghway, 
I fluid at the uppermost point win be at a positive pressure. This "--pressure 

• ot itc hi <rhest If the fluid inside the highway is a 
the hydrocarbon reservoir pressure is at its highest. 
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„ quld tna, has been carefully de- g a S s=d. then .his column of flu.d has a n,gh bu, 
mo du,us and .herefore compresses very ft* under hydroslaUc pressure. Under ,he 
condUions a surge ,n .he downhole weU pressure, which can occur when .he ow 
of the well is decreased or shut off, will no, cause significan. amounts of well bore 
fluid to enter the highway. 

inside of the highway by a length of tubing connecting the well bore to 

filled with (one or more) liquid metals or other fluids whose 

minimum change in the sensor over the long term, 
be chosen to form the barrier. The liquid 
readily or react chemically with the 
constituents of the well bore fluid. The function of this liquid metal or other liquid 1S 
to form a barrier to molecules from the well bore fluid and to prevent these from 
entering the highway and reaching the sensor. 



This tubing can be 
composition is such that it causes i 
Alternately a combination of fluids may i 
metal or other fluid preferably should not mix : 
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Tne pressure cornmunicating ntbing which enable, direc, pressure c— ica. ion 
between the hydrocarbon reservoir fluid and me highway fluid should preferably be 
arranged so that the well bore 



fluid contacts the liquid metal from above to prevent 



20 



gas from rising from the well bore, through the H,uid - column or other fluid or 
seri es of fluids. This can be achieved by forming the connecting tubing into an elbow, 
with the well bore end of the column pointing upward. 

Tne current invention thus includes methods and apparatus for creating barriers and 
segments in a sensor highway utilizing fluids or mechanical devices for any and al, of 



the following purposes: 



25 



1 . Inhibiting or preventing the ingress 

highway (The Communication / Barrier Function) 



of external or reservoir fluids into the 
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2. Segment ,he hrghway ,0 form separate sensmg regions (The Segmental 

Function); and 

3. Maximizing the long-term performance of sensors in the hrghway. 

Figure 6 fflustra.es schematic^ one example of how these objectives can be 
achieved, with specific reference to the measurement of pressure a, more than one 
point in a sensor highway. A sectton of a, oi, or gas we,( is show, includtng a 
casmg 67, a production string 60, a packer 61. The packer separates the annulus 
between the casing and the production suing into two regions - one section above the 
packer and the other section below the packer. A sensor highway 62 and a separate 
hydraulic control hue 63 are shown in the annu.us between the casing and producfon 
tubing and both penetrate the packer. The sensor highway 62 is shown as a conttnuous 
control line that turns around a, a point below Ore packer 61 . Also shown m *» 
diagram are two arrangements for measuring the pressure a. a point above the packer 
6, and at another point below the packer. Each arrangement includes sealing devces 
64 pressure sensor 65 and pressure communication device 66. The pressure 
communication device 66 preferably includes a facility <ha, allows it to be closed and 
opened from the surface. The pressure communication device 66 is connected ,nto the 
well bore fluids inside the production suing 60 and can preferably include a barrter 
(unction that prevents or minimizes ingress of well bore fluids into the hi^way 
region between the two sealing devices 64. The sealing devices are shown located 
above and be(ow the sensor 65. Sepanate control line 63 can activate the seahng 
devices 64. It is preferable to create isolation zones that are as short as poss.ble to 
minimize the volume of the zone, thereby minimizing any contamination that may 
pass through the barrier in device 66. A small volume is further advantageous because 
s i, maximizes ure fidelity of the dynamic response of the sensor 65. 

devices 64 further eliminates potential flow paths when muUiple sensing zones are 
desired. For example, if the two sealing devices 64 mat are shown between the two 
sensors 65 are removed, then a potential flow pa* is formed between the two pressure 
communication ports into the production string. 
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Figure 1 shows a schema,* view of an oi, or gas we.,, fitted with a highway 100 for 
deploying and retrieving sensors and carrying out permanent downhole 
measurements, including the measurement of downhole pressure. Figure 1 shows a 
production tubing string 1 1, surrounded by a casing string 1 2, a perforated section of 
5 the casing 13, to a.,ow the inflow of hydrocarbon fluids .4 from the hydrocarbon 

reservoir into the weH. The well is completed by a we.lhead 15 tha, includes valves 16 
for shutting the we., in. A packer 17 is p.aced in the wellbore in the annular space 
formed between the casing .2 and the production tubing ! 1 to prevent the upper 
region of the annulus from being directly connected to the well bore pressure. The 
10 packer 17 is shown with a high-pressure penettator 18 that allows thehydrauhc 

control lines 19, which constitute part of the sensor highway 100, to pass through the 
packer Typically the control lines are K inch in diameter and are made of stamless 
steel It can be convenient to coil the control lines around the production string at one 
or more regions along that string. The control lines can be secured to the production 
,5 string by clamps U0, which also serve to protect the control hues from damage 
during installation. The sensor highway 100 is shown exiting the wellhead through 
high pressure seals 1 1 1 , pas. valves 1 1 2 which serve as emergency pressure seal and 
then through high pressure feed-through devices .13 where the fibre optic cables 
emerge while maintaining a pressure seal between the ambient surface environment 
20 and the interior of the sensor highway. The sensor highway 100 comprises ophca! 
fibre cables and sensors. The sensors can include by way of example only pressure 
sensors, distributed temperature sensors, acoustic sensors, electric and magnetic field 
sensors composition sensors and other types of sensors. The sensors or thetr 
associated cables need no. necessarily be fibre optic types. The cable itself does not 
25 need to be connected to a sensor a. a.1 but can instead be used to communicate to an 
optical switch used to control downhole valves and machinery remotely. It ts 
advantageous that the cables and sensors should be capable of being located to the 
remote locations by fluid flow, and thereby benefit from being retrievable and 
replaceable. In Figure 1 the sensor highway 100 is shown to reverse directtons a, a 
30 point 124 below the packer 17. The return leg of the highway shown in F.gure 1 
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deludes a flow control element 115 located above the packer I example only. This 
dev.ee 1 15 is configured to have two states, one of winch can prevent flow of fluid in 
the upward direction or reduce flow to a reduced and acceptable rate. When the dev.ee 
is in the second state, fluid can flow freely in both directions. Preferably, a flow 
control element is used in both legs of the highway. Near the turn-around point 124, is 
shown a connection 1 16 to another section of control line that is shown to contain a 
flow control element 1 17 and which continues along the production string 11. Sensors 
that are deployed by use of the highway generally are prevented from entering the 
continuation of the control line beyond the turn-around region leading to the 
hydrocarbon reservoir. A distributed temperature sensor, such as can be used in 
conjunction with a distributed temperature sensing system, such as a DTS 80, 
available from York Sensors of Winchester, England, can be deployed in a single 
ended mode where the end of the sensor cable will be inside the highway 100, or in a 
double ended mode, where the sensor enters the highway in one leg and emerges at 
the surface from the other leg of the highway. Generally other sensors such as 
pressure, acoustic, electric field and composition sensors operate in reflection mode 
and hence enter the down-leg of the highway during deployment, but only emerge 
from the other end of the highway when they need to be retrieved from the highway. 
For example, a typical polarimetric pressure sensor, such as is available from 
SensorDynamics of Winchester, England, and its associated cable would enter the 
highway at the high pressure seal and the sensing part of the assembly would be 
located near the turn-around point of the highway, either in the down leg or in the up 
leg. The well bore pressure at location 121 is communicated along the liquid pathway 
which starts at 121, connects to the barrier fluid reservoir at connection 123 and 
passes through the barrier fluids 121 and 122 inside the chamber 1 18, exits via 
connection 1 19 and continues through control line via connection 1 16 to the pressure 
transducer 1 14. In general it is preferable to have the end of the sensor and cable 
assembly pass the turn around point 124. This has the advantage that if fluid enters the 
highway from the hydrocarbon reservoir side of the highway, then the fluid flow will 
0 not cause the pressure sensor to change its position significantly. This will also be 
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advantageous in the event that gas enters the highway. In this configuration, gas will 
be unable to enter the sensor capillary packaging and fluid barrier. Such a change in 
position could result in a change in the pressure reading. 

t 

It should be understood that although in Figure 1 the highway 100 for deploying 
5 sensors is shown as a return control line, located in the annulus between the 

production string 1 1 and the casing 1 2, this should be regarded as one example only. 
The assignee of the current invention has demonstrated in field trials examples of 
highways which have been located both inside and outside the casing. In certain 
situations it can be preferable to locate the highway path inside the casing; in other 
10 situations it may be convenient or necessary to locate sensors outside the casing. For 
example, where acoustic information from the reservoir is assigned particularly high 
value, it is preferable to install the highway outside the casing. In another example, 
safety considerations can favour the location of the highway outside the casing in 
order to improve the isolation of the annular space above a packer from the zone 
1 5 below the packer. In yet another example, where it is necessary or desirable to 

monitor the state of an electric submersed pump, the highway is preferably located 
inside the casing. In yet other situations a mixture of both pathways may be preferred. 
For example, it is desirable to place the highway in the section above the packer 
outside the casing in order to have better acoustic coupling for reservoir imaging 
20 purposes while achieving a better isolation for safe operation, and yet to have the 
highway inside the casing for the purpose of monitoring the state of the perforated 
production interval. It should also be understood that the wall of the casing 100 can be 
used for creating a highway path for the sensors and their cables. Equally, the 
highway path can make use ofthe interior of the production string 11 or the wall of 
25 the production string for all or part of the highway circuit. 

Modern drilling and completion techniques introduce other possible configurations for 
sensor highways to collect information from remote points in the hydrocarbon 
reservoir or near-by formations. As the techniques develop for real-time reservoir 
management, the need to have more direct information in locations inside the 
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reserve, w,l. increase. ,„ another embodiment of the present mvenuon, ,h sensor 
„ M make use of smaUbore cotled tubing pathways or "lances .nto 
re ions of the reservo.r away fro. the product.on or tmectton wefls. These co,,ed 
tubing ,a„ees can be used to coUee. a range of information inching reservon 

interference from a producing weU, composruon information beyond the we, 

producng .one m d others. The flow contro, Cements , , , and U 7 that —n 

figure , are not necessariiy reared when deahng with oi. we„s whose — 
pluree.ceedsthepressureexertedbyahighwayeratisentireiyf.Uedwhaflutd. 

,0 tameover-pressureweUexamp.ethereisvery.i.tlefransferoffluidfromfte 

bydrocarbon reservoir into fbe highway in the event of a pressure surge dunng a well 
sn u,-in. Hence the fluids 12, and ,22 remain My effective as a barrier be W .n the 
Ug hway fluid and the hydrocarbon reservoir fluid. In such over-pressure we „s the 
of the barrier fluid reservoir can also be eliminated or simplified. For exampie rt can 
lS be rep,aeed by a section of control ,ine confining sufficient barrier flurd to 
compensate for expansion of the highway during a well shut.n. 

As production of oi, and gas proceeds over a period of time and the weUs reach . * 
where the downho.e pressure drops and becomes less man the pressure from hmud 
fihed highway, control of fluid transfer to and from the highway via control elements 
20 1 15 and 1 17 becomes important as does the barrier fluid reservotr 1 18. 

During the well shut-in, if mere is a decrease in the wel, bore pressure, as happens 
when the flow of the wel, is re-started, then fluid flow should be allowed to ow from 
thehignway into thebarrier fluid reservoir 118 soma, the sensor measures, he bore 
h0 ,e pressure and no, the pressure exerted by the commn of fluid in the hrghway 
25 which wil, be higher than me bore hole pressure if fluid is no, allowed ,o dram from 
me highway. This return flow ra,e is preferably enough so ma, ,he pressure a, Ure 
sensor remains revive of me ins,anUneous wel. bore pressure and rs no, 
dominated by me pressure caused by the weigh, of an unbalanced column of flurd 
the highway above the sensor. 
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A second examp.e of ,h* flrs, embodimen. of ,he presen, nwent.on ,rea,s the case of 
th e under-pressure we„. As flu.ds are ex,rac,ed from 0. hydrocarbon reservotr, ,he 
operating downhole pressure we,, decreases; .he heigh, of fluid co,umn .ha. ,s 
sus,ained in .he highway „iU also drop. » .o he expec.ed ,ha. .he downhole 
5 pressure during norma, production w,„ reach a poin. «here .he highway 

drop .o a .eve, below .he uppermost poin. in .he highway, leaving a section of 
h.ghway con.ro, line .ha, does no. contain liquid. In .he even, of a we,, bang 
temporary shu. in, .he resuUing .ransien. in downho.e pressure will .end «o push 
fluid into .he highway until tt. weigh. o,.he co,umn ba,ances One downhole pressure. 
,0 1. is P referab,e .o minimise 0. amoun, of fluid <ha. has .0 be transferred mto me 
highway ,o equalise ft. pressure during a well shu. down. This minimises .he 
required voiume of .he fluid reservoir between the highway and the we., bore fhnd. 
Minimising the flow wi„ a,so minimise the error in the sensor reading due to pressure 
drops between the sensor and the well bore. In genera, i, is desirabie to have a flu,d 
, 5 pathway between hydrocarbon reservoir and sensing location .ha, has a low 
impedance ,o fluid flow. Hence, connections from poin, 121 in.o the bamer 
reservoir ,, 8 and between 1 19 and the sensing location 1 14 are preferably as short as 
convenient and with a bore as large as is practical. 

Where a number of sensor cables occupy space inside .he highway, i. can prove 
20 difficul. .o achieve a perfec. sea, around .he muUip.e cables. Provided me flow rate 
trough this sea, is sufficiently tow so that the height of ,he Hquid column does no, 
seriously degrade the measurement of the downhole pressure such leakage can he 
acceptable. ,n Figure 2 we show by non-limiting example a configuration of me flow 
Umiter (115 of Figure 1) tha, preferably includes a reservoir in ,he space above tire 
25 seeing or choking elemen. .o minimise me change in level inside the highway 100 
during a negative pressure surge in the well bore due ,o imperfec, seaUng around me 
sensors or sensor cab,es inside «he highway. Tha, is, when «he flow in the 
started following a period of shut-in, or when the well flow is simply increased, the 
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pressure ,n , h e we,, b o re w,U — ana CT e,, M a„ y cause ..e , eve, o f , iq u W 
inside the highway to decrease. 

— — iof,hesens : hig ;7,— ^ m—-— - 

minimizing measurement uncertamty, (2) to 

multiple sensors in ^^'^^ ^qq for deploying and retrieving sensors and carrying 
gas we„, fitted with a taghway 700 for deploying 

strine 77 and perforated section of the casing 

string / /, an P comp ieted by a wellhead (not 

====== 

„„• „ and the easing 77 from being directly connected to the vanous 

reserve, zone, ^ pac^ 7 ^ ^ ^ ^ m 

allow the hydrauhc control toes 78, wh ^ ^ 

eomplettondesign. — '^^^1-*. 
production string a, one or more regrons a,o„ 8 ^ ^ 
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emergency pressure _ ^ 

shown), where .he fibre op„c cab.es emerge w 

b e,ween ft. -Went surface env,ronmen, an « 72 
t0 specific sensmg ,oca.,ons, and conneCons to the - of 
sy8 ,em 700 contains optica, fibre cables (no, sho»n, and 

10 sensors, acoustic sensors, electnc cab ,es need no. necessarily be 

„ther,ypesofse,u»r,Thesensorsor.he.rassoc.a ^ 

. .= Thecableitselfdoesnotnecessanlywnnecttoasenso 
fibre opttc types. The cable roe down hole 

— be r to — ri;— ------ 

va ,ves and machmery remotely, t « ^ ^ ^ ^ 

, 5 should be capable of be,ng move to ft. » ^ ^ ^ 

benefit from being retrievab.e and replaceable. 1. ft* 
seg men.a.ion and sensor Nation within .he highway be — ^ 

2 „ by monitoring me volume of the propelhng flu ^ Th, ^ 

val ves 716 located inure side pocice. mandrels 73. can* 
necessary) if the flow control valves in drfferen, mandre, ^ * 

manipulating flow rate in conjunct wrth . e y 

available gel forming matenals can be used. Hy P TO , vacr ylamide, 
hydratab,. po.ysaccharides and hydrate synthefc po.yme*. e. poly-o- 
30 IbeuJ.oformao.ueousge,, „s solid metalfic —g or 
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comp.exing agents can be enjoyed to complex the hydrated gelling agents. The 
m e,al.ic complexing agents can include antimony salts, aluminum salts, chrom.um 
salts and certain organic titanates. The exact placement of the sensor ,n htghway 
segment 72 is typically dependent on the type of sensor used. The fluid barriers 7 7 
5 and the ge. plug 7 1 can then be pumped into place by isolating the surface return line 
and controlhng the flow path through either of the highway segments 72 via the flow 
contro! valves 716 located in the side pocket mandrels 73. Barrier fluids and ge. plug 
design preferably take into consideration the nature of the contaminates and reservotr 
fluids expected and the maximum differentia, pressure mat may have to be maintatned 
10 between the segment and the main body of the highway. Further isolation and 

segment protection can be achieved by placing "fiber friendly" valves (i.e., valves that 
can form a non-damaging seal around one or more fibers inside the highway) m the 
highway spur segments 72 above where the gel plugs 71 is placed. 

An operational example can include a po.arime.ric pressure sensor available from 
,5 SensorDynamics of Winchester, England. The sensor and its attached fiber optic cab.e 
can enter the highway 700 a. the high pressure sea, a, the weUhead. The sensing part 
of the assembly can be located below the Vocation of the highway «Y» 76 and be.ow 
the .ocation where the gel plug 71 is set within the highway segment 72. The pressure 
is communicated to the sensor via a continuous fluid pathway mat starts tn the 
20 reservoir and enters the casing and production string and goes through the open 

downhote valve 7,6 in the side pocket mandrel 73 and connects to the barrier flutd tn 
the highway segment 72 via the port 715. In the even, mat the performance of the 
sensor comes into question o, if sensor or cable has failed, then the barrier plug 7,7 
and the gel or segmenting plug 7, can be forced into the production string. The cable 
25 and sensor can then be pumped back to the surface and a replacement sensor and cable 
can be re-ins<al>eo along with a new barrier fluid 7,7 and a ge, or segmenting plug U. 

Figure 2 describes a non-limiting example of the flow control element 1 1 5 of 
Figure 1 . 1, should be clear mat such flow control elements can be installed m one or 
hour legs of the highway and also that the precise .ocation along the highway can 
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,„ clu de locat.ons above the pacxer as we,, as below 0- pa*, tn Figure *~ « 

..He, 2, are shown located inside the highway 22. 1 he 
m ore fibre sensors or cables 21 

highway control line eontinues into a contamer 23. instdethrs con 

JUL is shown to he perforated so that fluid can readi.y enter the ma,n o,»m 

™,i tw rabies to be guided along the 
- „ r unp encouraeins sensors and their caoieb iu B 
of the container 23, while encouragms 

flow from the we,, is re-estabhshed. The purpose of the container ,s to reduce th 
Igemflurdlevelinthehighway foramen flow rate past, hewing or cho^g 

element and thereby minimise errors in the pressure measured a, the «™-. 
Wiethe ,eve,o f fluid i sins 1 de,hevo, U me2 5 ,asmaH,ea k a g epast f nesealorch„ k e 

causes a much-reduced change in the column pressure. 

B should be noted that the pressure at the sensing point in the well bore is a, its 
; h es,„hen m ewel,iss,opped. A t. M ss,ge,hehighway fl uidcanbe f orceddow» 

, to a ,eve, tha, is near me bottom of container 23 by using, for example pressed 

pressure is released. The use of the term choxe in this context ts meant to ndtcate a 
^ftcan. reduction in flow pas, the device. The column of H q uid in the hrg*way wtll 
rLtmderposinvepressurefromthewe.lbore.rnatis.^echo.eelementwere 

■0 tobeopened,thewel,borepre.urewouldcause, iq uid,oflowin*eupward 

direction and reach a level above the choking element before me pressure exerted b 

eLnt Cosed and where a fluid re^otr 23 is included, to have thts reservotr a, 
drop, but it will remain greater than the pressure from the fluid in the htg^y 
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remo.ely con,rollable seal or choke 28 and .0 continue as sec«on 210. L,ne 29 
indicates remote eontro. of .he choke. D.fferen. methods can be used .0 effec. con.ro.. 
One me.hod is to have an independent hydrauhc control line lead.ng from the 
wellhead to sealing or choking device 27. Cher methods can be used, as for cample 
5 when the cos. of,he independen. con.ro. Une is excessive. One such Cher method ,s 
,„ have a feed-forward connection from a point above .he sea. or choke to the control 
input 29. in .his way the sea. or choke can be se« from the surface without an 
independent control line. 

The arrangement shown in Figure 2 serves to minimise or reduce the amount of fluid 
,0 which flows up the highway in the even, of a positive pressure transient ,n the well 
bore and also ,„ eliminate or reduce to an acceptable value the errors which can anse 
at the sensor in .he event of a negative pressure surge in the well bore. 

An al.ema.ive approach to A. flow con.ro! device in Figure 2 is .o eliminate .he 
reservoir 24, but to retain tire sealing device 27 and to make use of the barter flutd 
15 reservoir 118 in Figure !. During normal operations me sealing or choking elements 
are set closed. In .he even, of the well being shut in, the well bore pressure w,l. 
increase. The sealing device 27 will prevent movement of fluid into me highway. 
After the positive pressure transient information has been acquired, the fluid ,n one 
leg of .he highway can be expelled <o me surface by application of over pressure 
20 nitrogen or another gas to one of me legs of .he highway while opening me Cher entry 
poin. a. .he surface. The surface enfry poin«s a^ closed. The liquid will men settle to 
the .ower sections of the mo highway legs. A. mis time the seals or chokes 27 can be 
closed An alternative method to. can be used ,o displace *e deployment fluid tns.de 
the highway is to use another liquid mat has the property that it changes to the gas 
25 phase a. the well bore temperature. Under .hese conditions barrier fluid will be sucked 
upward into the highway if the highway is opened to ambient pressure a, .he 
wellhead. This method is preferred where it is desirable to surround the sensor and 
sensor cable by barrier fluid, in order to minimise degradation of sensors and cables n 
high «empera.ure regions. The gas in me region above tire barrier fluid is preferably 
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f„r example. The gas in the highway above 

the seats is theh allowed to come ^ we „ bore 

al ,ow the gas assure to eouilibrate appro, ^ ^ 

bore pressure to decrease. The dow ^ ^ ^ ^ preBUre 

accurately record this decrease. As long ^ ^ 

^edbyfceweightof^uidco.umn ^ 

pK ssure has fallen to a tow teve, of ay ^ Fm 

— — B b £ LedsothatmeweUpressureUgreaterthanthat 
well production (32 m Figure 1). ,„ ; s the gravitational constant) can 

^ be ^ Sm tird*;-cho S enh^ay« m atcon,dhe 
will depend very much on the density osWoning of the flow device will 

signific a», if a licuid - U used. The eepp ^ ^ ^ ^ 

20 the early days of the weli production) can a ^ 

— «^^ r ^ ^^^ fc *-----«-• 
pro b,em,thenthepos.,,on,nS , ^ ^ ^ make s i, possible to 
above)thesensorregronsoftheli» or flushe d with dry nitrogen gas, and 
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• educes *e required volumes otbamer 

nu.d.ntochighway. 

e oU and gas wells have .0 function over long peno^, ^ 

w^arec^eorsealrng-- ^ ^ by US patent number 

**>*"*~~" SOI canbeplacedin,o,he 

■ * „^ent oressure sensor can dc v 
„ sh0 u,d also be evident that an ***** Pref erably 1. 

sensor U as far from - 1 t ,gw below the lowest equilibrium «,uid level 

tap rove the data acquit » P 
«llboreatpos„i°nU4inFigurel. 

ffluidbetweenthebarnerfluidreservcr 
^^^^^^^^ 
features: While toe sensors are bang =P*V ^ ^ b ^ legs of toe 

highway issu ffi oien,to m ovethes^^ ^ e ^hallows dotard flow uon,. he 

flow.Thiscanbeactaevedbyoverp 
deployment operation. 
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transfcr from .he barrier flu.d reserve, mto P se[)sor , s0 

thaUhepressureatthe sensor is^ 

become dominate, by pressure drops between .he pressor 

md the sensor .ocation 1,4. Choos,n g as ,ar g e a bore for ^ P 

if „ „ sticlcy or dama g ed. One mernod ^ to ^ 

pate „. number 6,006,S M , whieh is incorporated herem by reference 

.eservoir is shown to contam a firs, tarn- ft* ^ 
«n rnnnects to a second barrier fluid reservon 
^nnuid^tis.e^ehy— — ^ p re f era M y 

w e„ bore fluid is sufficient,, benign chem,ea„y. P ^ 

provided that the relative densities are such tha, the 
,„ the densities achieves to objectives. 

• nan or fluid 35 become contaminated or 
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w„h new flutds without requinng the well to be S hu, in. Th,s can be achieved for 
example, by tnjeoting fluids 34 or 35 a, the wellhead through the hydrauhc control 
line If the ambient weU surface temperature is below the melting points of Cher 
fluids, then these matenals can be injected in the form of small pellets. These pellets 
5 will change to liquid a, a depth where the well temperature exceeds the melting potnt 
of the pellet material. 

Barrier fluid 34 ts preferably a liquid metal such as ga..ium or other meta. which is in 
the liquid state a, the well bore temperature, which is of lower density man fund 35 
and which does no. tend to mix with fluid 35. This fluid 34 can also be a non-metalhc 

,0 fluid tha, is inert with respect to fluid 35 and with respect to the pressure sensor or tts 
package. The ftrs, barrier fluid 34 is also preferably chosen to have a low viscostty so 
that it can flow with low resistance within the highway control line 31 and thereby 
ntinimise errors in the measurements by the pressure sensor due to flow induced 
pressure gradients between pressure communication point 31 and the position of the 

15 pressure sensor. 

A multiple barrier fluid configuration of figure 3 can also be achieved with an annular 
vessel similar to (ha, shown in the separate plan view detail in Figure 1. The chotce of 
either configuration depends upon ease of fabrication and incorporate tnto a 

particular well. 

20 In Figure 4 we show the control line highway 41eontaining one or more sensors 

connected into a barrier fluid reservoir 43 via a section of control line tha, can include 
a flow control device 42. The hydrocarbon reservoir fluid 45 is allowed direct access 
,o the interior of the barrier fluid reservoir a. point 46 and can enter the chamber 43. 
in the barrier fluid container 43 is shown fluid 44 that acts as a fluid barrier between 
25 well bore fluid 45 and the sensor and its package. It is to be realised that a further 
fluid can be in the highway in the region where the sensor is located or above ,t. A 
mechanical piston 47 is shown separating the fluids 44 and 45. This piston . contatn 
a small-bore connection 48 which can be filled with fluid 44. The piston assembly 
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commumca.es .he pressure of ,he well bore ,o the interior of the highway. When 
cor.di.ions are such .ha, a ,arge movemen. of liqu.d is required .o move in.o or ou. of 
.he highway, ,hen .he p,s.on position will be adjus.ed in response to me ex.sting 
pressure deference. Small errors can be mtioduced by suction in .he p.ston, bu. .hese 
will cons.i.u.e a small par, of .he ,o,al change. When very small changes ,n pressure 
occur ,hen ,, is preferable ,o have a direc, fluid .o fluid con.ac. since stictton m ,he 
mechaniea, pis,on can hide such small change or in,roduce errors which are large m 
relation ,o ,he change which is ,o be measured. Such small pressure changes 
commonly occur in well ,es,s after ,he ini.ia. large tiansien, These signals con.a.n 
, important informa,ion about me hydrocarbon reservoir and are of grea. interest to 
reservoir engineers. The fluid-to-fluid contact will circumvent this shortcommg and 
therefore allow very small pressure changes in the well bore to be measured 
accurately by the sensor in the highway. On the other hand the small bore fund 
connection 48, on its own, will no. be able .o respond to large pressure changes 
5 withou. causing signified errors .o occur over a period required for me fluid transfer 
to take place. 

The mechanical piston can be designed so that it can be replaced by wireline or 
slickline intervention or by use of a robotic vehicle. 

It will also be clear to those skilled in the art that alternative configurations can be 
20 devised which achieve the objectives of the apparatus shown in Figure 3 m winch 
mechanical means can be employed. 

Figure 5 shows a non-limi.ing example of an apparatus ma, provides a mechaniea! 
isolation or separation of reservoir fluids from highway fluids. A membrane or 
diaphragm 52 is shown in an annular space 50 surrounding a production stnng 5 1 . 
25 The membrane or diaphragm divides the annutar space in.o <wo regions. On one s,de 
of me membrane is a space ma, contains a fluid 54. On the other side of the membrane 
is a space containing fluid 55. Fluid 55 is reservoir fluid also shown as 56. The 
reservoir fluid 56 can en,er the adjacen, annular space a, one or more ports 53. The 
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fhnd 54 can be the same fluid as ts used m .he highway 57 that is connected to the 
outer annular space a. port 59. If the pressure inside the production string changes 
then this change in pressure is communicated to the fluid inside the highway. The 
membrane adjusts its position in response to pressure changes. It is important to adjust 
5 the initial position of the membrane or diaphragm by applying pressure to the 

highway a, the surface. The preferred static position of the membrane when the well ,s 
shut in and where the well bore pressure is therefore a. its highest should be near the 
outer wall of the annular space. When the well is flowing at its maximum rate, the 
well bore pressure will generally be at it lowest. Going from well shut-in to well 
,0 flowing can cause fluid transfer from the highway into the annular surge chamber. 
The size of the overall annul* space is chosen to be sufficient for the particular well 
condition, Where large changes in pressure are forecast, the length of the annular 
surge chamber has to be greater than in wells where relatively small changes are 
expected. When flow restrictors 5 10 are built into the highway above the posttton of 
,5 the pressure sensor then the size of the chamber necessary is reduced. In general the 
preferred position of the pressure sensor inside the highway is near the connects to 
the annular surge chamber (shown as 511 in figure 5). 

While the above invention has been described in language more or less specific as to 
structural and methodical features, it is to be understood, however, ft* the invention 
20 is no, limited to the specific features shown and described, since the means herem 

disclosed comprise preferred forms of putting the invention into effect. The invention 
is therefore, claimed in any of its forms or modifications within the proper scope of 
the appended claims appropriately interpreted in accordance with the doctnne of 
equivalents. 



